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MinireviewGuard Cell Signaling
in the leaves and stomata close. This is beneficial to theAlistair M. Hetherington1,2
plant as it allows it to conserve water. ABA brings aboutDepartment of Plant Sciences
reductions in stomatal aperture by promoting stomatalUniversity of Oxford
closure and inhibiting stomatal opening. These are twoSouth Parks Road
separate turgor-driven processes and involve the coor-Oxford OX1 3RB
dinated activation and inhibition of inwardly and out-United Kingdom
wardly directed cation and anion channels present on
the plasma and tonoplast membranes. Although we do
not yet know the identity or location of the ABA recep-The plant hormone abscisic acid (ABA) regulates the
tor(s), a number of components acting downstream ofaperture of the stomatal pore. The recent identification
ABA have been identified. These include protein kinasesof new intermediates involved in ABA signaling sug-
and phosphatases, an increase in cytosolic pH, slowgests that this complex pathway is organized as a
anion channels, K channels, activation of phospholi-module-based network.
pase D, and an increase in the concentration of free
calcium ions in the guard cell cytosol ([Ca2]cyt) via acti-There is currently considerable interest in understanding
vation of several Ca2 channel types (Figure 2). Elevatedhow plants respond to changing environmental condi-
[Ca2]cyt is the target for several pathways downstreamtions. Stomata (Figure 1), pores on the leaf surface, have
of ABA, including a plasma membrane calcium perme-proved very popular for investigating the cellular as-
able ion channel, phospholipase C/InsP3, cyclic ADPpects of this phenomenon. The primary role of stomata
ribose, and possibly inositol hexakisphosphate (IP6).is to optimize leaf gas exchange (the uptake of CO2
The increase in [Ca2]cyt then controls some of the ionfor photosynthesis and the loss of water vapor during
channels whose activity regulates guard cell turgortranspiration) under changing environmental conditions.
changes. However, not all the channels are regulatedTo do this, stomata open or close in response to environ-
by increases in [Ca2]cyt, so it is likely that the overallmental stimuli such as light, atmospheric CO2 concen-
control of guard cell turgor requires additional calciumtration, atmospheric humidity, and plant hormones.
independent components or pathways. How these com-Regulating the turgor of the two guard cells that sur-
ponents and pathways might interact with each otherround the pore is central to the control of stomatal aper-
is not clear at present.ture. When the guard cells are fully turgid, the stomatal
In the last 18 months, there have been some majorpore gapes open, permitting gas exchange. In contrast,
advances in our understanding of how ABA controlsunder conditions of turgor loss, the pore closes. The
stomatal aperture. Several new intermediates includinginflux and efflux of K, with either Cl or malate, across
reactive oxygen species (Pei et al., 2000), a putativethe plasma and tonoplast (vacuolar) membranes largely,
heterotrimeric G protein  subunit (Wang et al., 2001),
but not exclusively, drive changes in guard cell turgor.
and the [Ca2]cyt mobilizing compound sphingosine-1-Recently, there have been major advances in our un-
phosphate (Ng et al., 2001) have been added to the
derstanding of the cellular events that underlie the regu- list of components involved in ABA signaling pathways.
lation of stomatal aperture. We now know that in addition However, in this review I wish to focus on two other
to the reduction in guard cell turgor, changes in cytoskel- recent pieces of work that have revealed some unex-
etal organization, alterations to gene expression, and pected twists to the story of how ABA controls the aper-
membrane trafficking take place when stomata are ex- ture of the stomatal pore.
posed to the plant hormone abscisic acid (ABA). In this An mRNA Cap Binding Protein Is Involved in
review, I will concentrate on ABA signal transduction Controlling the Sensitivity of Guard Cells to ABA
because the identification of new signaling intermedi- One of the most successful strategies for the discovery
ates in this pathway has resulted in significant advances of new components involved in ABA signaling has been
in our understanding of how guard cells work. In addi- the identification of mutants in which ABA signaling is
tion, I will consider the question of the architecture of disrupted or altered. Schroeder and colleagues (Hugou-
ABA signaling pathways because, although we are mak- vieux et al., 2001) conducted just such a screen in Arabi-
ing considerable strides in the identification of the indi- dopsis. Instead of screening plants for lesions in stoma-
vidual components involved in ABA signaling, we know tal behavior, which is very labor intensive as it requires
rather little about how they are functionally arranged. making stomatal aperture measurements in thousands
For comprehensive coverage of guard cell signaling of plants, the Schroeder lab looked at germination,
pathways, the reader is directed to recent authoritative which is also an ABA-sensitive process. Out of their
reviews (Blatt, 2000; Schroeder et al. 2001a, 2001b). screen, Hugouvieux et al. (2001) isolated a recessive
ABA Signaling in Guard Cells mutant in Arabidopsis called abh1 that is hypersensitive
ABA is a plant hormone that is involved in the plant to ABA. When they looked at the behavior of the guard
response to drought. As the soil dries, ABA builds up cells, they found that stomatal closure induced by 0.5
M ABA was significantly enhanced in the mutant com-
pared with the wild-type, suggesting that ABH1 is in-1Correspondence: a.hetherington@lancaster.ac.uk
volved in controlling guard cell sensitivity to ABA.2 Permanent address: Department of Biological Sciences, University
of Lancaster, Lancaster LA1 4YQ, United Kingdom. In order to investigate how ABH1 is involved in control-
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ABA-Induced Cytoskeletal Reorganization
Is a Ca2-Dependent Process Required
during Stomatal Closure
Although it has been recognized that cytoskeletal reor-
ganization accompanies ABA-induced stomatal closure
(discussed in Schroeder et al., 2001a), it was not known
whether cytoskeletal changes are actually required dur-
ing stomatal movement. Work from the Chua lab now
shows definitively that cytoskeletal changes are re-
quired during ABA-induced reductions in stomatal aper-
ture. Lemichez et al. (2001) found that ABA induces
changes in actin cytoskeletal organization and that a
Rho-related GTPase encoded by the AtRac1 or homo-
logs of this gene is or are the conduit for this activity.
In animals and yeast, Rho GTPases are key regulators
of the actin cytoskeleton. This knowledge prompted
Lemichez et al. (2001) to characterize a Rho-related
GTPase gene from Arabidopsis called AtRac1. To study
the effect of this gene, they generated dominant-nega-
tive and dominant-positive AtRac1 mutants. Expression
of the dominant-negative mutant resulted in stomatal
closure, whereas the dominant-positive mutant inhib-
Figure 1. Guard Cell Complex from an Arabidopsis Plant Showing ited the induction of stomatal closure by ABA. These
Guard-Cell-Specific Expression of the GUS Gene under the Control results suggested that ABA might act by inactivating
of the hic Promoter the endogenous AtRac1 or homologs of this GTPase,
The HIC gene encodes a 3-keto-acyl Co-A synthase involved in and this was shown to be the case in further experiments
the pathway by which elevated carbon dioxide controls stomatal using purified AtRac.
development. For full details, see text and Gray et al., 2000.
Other recent work provides a link between ABA-
induced increases in [Ca2]cyt and the cytoskeleton.
Hwang and Lee (2001) show that removal of extracellular
ling the sensitivity of guard cells to ABA, the authors calcium using the chelator EGTA partially interferes with
isolated the ABH1 gene. They found that it encodes a ABA-induced reorganization of the cytoskeleton. These
nuclear mRNA cap binding protein, which is a compo- data show that the ABA-induced increase in [Ca2]cyt is
nent of the cap binding complex. In humans and yeast, a component in the pathways leading to both alterations
cap binding complexes are known to play important in the activity of ion channels and the control of cytoskel-
roles in mRNA processing. To investigate the role of the etal reorganization.
of the ABH1 gene, Hugouvieux and coworkers used Future Work
Perhaps one of the most pressing questions to emergegene chip technology to compare the abundance of
from recent work in guard cells is how the diverse array8000 gene transcripts in the wild-type and the adh1
of signaling intermediates, some of which are illustratedmutant. The results of this experiment revealed that 18
in Figure 2, are arranged into systems capable of cou-genes showed a significantly lower level of transcript
pling ABA perception to alterations in stomatal aperture.accumulation in abh1 versus wild-type, while 13 genes
It seems likely that there are many more componentsshowed a significantly higher expression in the mutant.
and possibly whole pathways remaining to be discov-Importantly, the expression of some of these genes is
ered. Our understanding of how guard cell signalingknown to be regulated by ABA.
pathways operate is likely to be greatly advanced by theHow might an mRNA cap binding protein be involved
identification of further Arabidopsis mutants exhibitingin controlling the sensitivity of guard cells to ABA? On
lesions in stomatal behavior. Combining the use of mu-the basis of work in other organisms on mRNA cap
tants with single cell physiological analyses and genebinding proteins (see references in Hugouvieux et al.
chip technology is likely to unearth many of the re-2001), it is tempting to suggest that ABH1 directly con-
maining players in guard cell signaling pathways. The
trols the abundance of a gene product or gene products
recent work from the Schroeder lab (Hugouvieux et al.,
involved in controlling guard cell sensitivity to ABA. Sup- 2001) illustrates the power of this approach. Thanks to
porting this suggestion is the observation by Hugou- their work, we now have a few more targets, but it seems
vieux et al. (2001) that one of the genes that showed unlikely that these new components will be the end
reduced mRNA levels in the abh1 mutant encodes a of the story, since the gene chip used by Hugouvieux
type 2C phosphoprotein phosphatase that has been represented approximately one third of the Arabidopsis
proposed to function as a negative regulator of ABA genome. Thus further genomic approaches are likely to
signal transduction (Sheen, 1998). What is clear however be fruitful. Another big challenge is to work out how
is that the ABH1 gene product influences ABA signaling the individual components are assembled together into
pathways upstream of increases in guard cell [Ca2]cyt, functional pathways. The way forward here is likely to
since abh1 mutant guard cells showed hypersensitive involve the identification of signaling complexes, the
ABA-induced [Ca2]cyt elevations when compared with characterization of protein-protein interactions among
or between known signaling components and, or askingwild-type.
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Figure 2. Overview of Some of the Intermediates (yellow boxes) Known to Be Involved in ABA Signal Transduction
Pathways Responsible for the Regulation of Stomatal Aperture
Difficulties in placing these elements in a linear sequence and the requirement to control multiple processes
(red boxes) contributing to the control of stomatal aperture (green box) leads to the suggestion that guard cell
signaling pathways are arranged as networks (discussed in the text). Abbreviations: (also see main text). ABA,
abscisic acid; AtRac1, a Rho family GTPase; ROS, reactive oxygen species; S1P, sphingosine-1-phosphate; ICa,
a plasma membrane calcium permeable channel; MAPK, a MAP kinase; AAPK, an ABA activated protein kinase;
G, the  subunit of a heterotrimeric G protein; Nt-Syr1, a syntaxin involved in membrane trafficking; PLC,
phospholipase C; PLD, phospholipase D; cADPR, cyclic adenosine diphosphoribose; IP6, inositol hexakisphos-
phate (note, this compound has not yet formally been shown to elevate guard cell Ca2); ABH2, a mRNA cap
binding protein; ABI1 and ABI2, type 2C phosphoprotein phosphatases; and GCA2, currently unidentified. For
full details of the components that have been implicated in guard cell ABA signaling pathways see Blatt (2000)
and Schroeder et al., 2001a and 2001b.
how changes in the activity of one ABA target affects of correct stomatal functioning to the plant, the benefits
of employing this type of system in the guard cell aresignaling through other components. The observation
that many signaling intermediates funnel onto and fan obvious. In addition to ensuring robustness, it is likely
that a network-based modular system will be capableout from an increase in guard cell [Ca2]cyt suggests that
the increase in [Ca2]cyt might represent a signaling hub of processing multiple external systems concurrently.
This again is likely to be of major benefit as the role of(Figure 2). However, the question remains how are all
these components and others yet to be discovered orga- stomata is to optimize gas exchange under constantly
changing environmental conditions requiring the pro-nized into systems capable of robustly transducing ex-
tracellular stimuli such as ABA? cessing of multiple environmental stimuli.
Signaling Networks in Guard Cells
Work in other organisms suggests that complex signal-
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